In plants, an increasing interest for the comet assay was shown in the last decade. This versatile technique appears to be promising to detect the genotoxic effect of pollutants and to monitor the environment. However, the lack of a standardised protocol and the low throughput of the assay limit its use in plants. The aims of this paper are to identify key factors affecting comet assay performance and to improve its reliability and reproducibility. We examined the effect of varying several parameters on four different plant species: broad bean (Vicia faba), white clover (Trifolium repens), English ryegrass (Lolium perenne) and miscanthus (Miscanthus x giganteus). The influence of both internal (different nucleus isolation methods, presence or absence of filtration and lysis steps) and external (room temperature, light intensity) parameters were evaluated. Results clearly indicate that short chopping is more efficient to isolate nuclei than the standard slicing method. Filtration and lysis steps were shown to be unnecessary and thus should be skipped. Data also demonstrate that high room temperatures and light could induce DNA damage in isolated nuclei. Calibration tests with H 2 O 2 or ethyl methanesulfonate revealed that a special attention should be paid to plant growing stage, leaf position and exposure duration.
Introduction
As sedentary organisms, plants are continuously exposed to environmental stresses and particularly to chemical stresses. Therefore, higher plants have been widely used for the evaluation of chemical compound toxicity and for the biomonitoring of both aquatic and terrestrial ecosystems (1) (2) (3) . However, while rapid progress have been made in the last few decades to determine the impact of environmental factors on the induction of genetic damage in human populations, there has been relatively limited progress to determine the impact of such factors in wild or natural species, and especially plants (4) .
During the last decade, the single-cell gel electrophoresis or comet assay has become one of the most promising techniques used in the field of genetic ecotoxicology by virtue of its simplicity, sensitivity, versatility, speed and economy (4, 5) . The comet assay, in its neutral version, was used for the first time on plant tissues 20 years ago (6) . The alkaline version was developed on broad bean (Vicia faba) roots by Koppen and Verschaeve a few years later (7) . However, the absence of free cells in plants and the presence of a cell wall, which has proved to be a resistant barrier to cell lysis (8) , cause technical issues for performing the comet assay on plant tissues. To overcome these problems, a simple and efficient mechanical extraction to isolate cell nuclei was developed by Navarette et al. (9) . This technique was then improved by Poli et al. (8) and Gichner and Plewa (10) . Most researchers now employ the same nucleus isolation buffer and both unwinding and electrophoresis conditions based on protocols developed by Gichner et al. (10) (11) (12) (13) . However, variation is common in several other parameters: isolation method, absence/ presence of a lysis step, a filtration step, concentration of agarose. This lack of standardisation could lead to a reduced reliability of this technique (14) . In contrast with the comet assay in animal cells for which technical progress has been made to improve its reliability and reproducibility (5, (14) (15) (16) , only limited advancement has been made in higher plants and there is a lack of understanding of the critical steps of this technique in plants.
The lack of a standardized protocol is not the only aspect that limits the use of the comet assay in plants. Mechanical nucleus isolation from plant tissue is the main bottleneck limiting comet assay throughput. Indeed, the number of plant samples which can be analysed daily is rather low (17) . The nucleus extraction yield is also extremely low (10-100 nuclei per slide), resulting in time-consuming and tedious scoring (17) . This low density of nuclei in agarose gels also leads to a decrease in scoring reliability as most authors score 25 nuclei per slide or less than, which is two times less than recommended (18) . Moreover, this extremely low nucleus density does not permit the use of the medium-throughput protocol (12-gel slide comet assay) developed by Shaposhnikov et al. (19) . Thus, increasing efficiently nucleus extraction yield is a fundamental step to increase comet assay throughput in plants.
In the present work, we used four different plant models grown in hydroponic conditions or in soils in a greenhouse: broad bean (V. faba), white clover (Trifolium repens), English ryegrass (Lolium repens) and miscanthus (Miscanthus x giganteus). The aims of this study were to (i) identify the various factors affecting comet assay application in higher plants, (ii) improve the reliability and reproducibility of the comet assay and (iii) increase nucleus extraction yield.
Materials and Methods

Plant materials
Four different plant species were used for the experiments. Among model plants mostly used in comet assay studies (Arabidopsis thaliana, Allium cepa, Nicotiana tabacum, V. faba), the broad bean (V. faba) was selected because of its wide use in ecotoxicological studies (20) , of its relatively fast growth (unlike N. tabacum), of the feasibility of long-term pollutant exposure (unlike Arabidopsis), and the possibility to work on both the roots and the leaves (unlike A. cepa) or on different leaf stages (unlike Arabidopsis).
The white clover (T. repens) and the English ryegrass (L. perenne) were chosen because of their ubiquitous distribution in the temperate world, both in natural or contaminated areas (21) . They were shown to exhibit different sensitivities to polluted soils and are considered as good candidates for the biomonitoring of contaminated areas (21) (22) (23) . Finally, as a C4-plant model, the miscanthus (M. x giganteus) was selected because of its ability to grow in wide range of climate, and because it has been proposed for the phytomanagement of contaminated areas (24) .
Hydroponic experiments
The V. faba cultivar 'Aquadulce' (Tezier, France) was used for this study. Dry seeds were germinated on filter paper moistened with deionized water at 25°C in darkness. After 7 days, the plants were grown in aerated Hoagland solution. To keep the nutrient composition and pH constant, solutions were renewed daily. The culture systems were located in a growth chamber with day/night air temperatures of 24/22°C and relative humidity of 70/75%. Plants were illuminated 16 h per day using a 600 W Osram Nav-T super high pressure Sodium lamp providing a minimum photosynthetic photon flux density of 500 µM/m 2 /s at the top of the plant. After a growth period of 2 weeks, the roots and leaves were harvested and the nuclei immediately extracted.
In each experiment type, negative controls were kept in Hoagland's solution, while positive controls were incubated with 4 mM ethyl methanesulfonate (EMS, Sigma Chemical) in Hoagland's solution for 24 h. For calibration experiments, plants were exposed to different concentrations of H 2 O 2 (Sigma Chemical; 5-55 µM) for 1h or EMS (0.5-5 mM) for 24 h. Six plants were exposed for each treatment. After exposure, the secondary roots and leaves were harvested and nuclei immediately extracted. Prior to nucleus extraction, the roots were carefully rinsed three times with phosphate-bufferd saline (PBS) buffer.
Pot experiments
The pot experiments were conducted in a greenhouse at ambient temperature (temperature ranged from 15 to 26°C) illuminated with natural light. One gram of L. perenne and T. repens seeds were sown in pots filled with 2.5 kg of uncontaminated agricultural soil (control soil). Miscanthus rhizomes were first grown in small pots filled with plant compost (250 g). Rhizomes were cut into small pieces (5-7 cm long, two to three buds), then introduced horizontally at a depth of 4-5 cm and completely covered. Tap water was sprayed on the newly planted compost to keep it moist. Ten centimetres-high miscanthus plantlets were then transferred into pots filled with 2.5 kg of the control soil.
Pots were randomly placed in the greenhouse and regularly rotated throughout the growing period (8 weeks after seed sowing and plantlet transfer). Pots were regularly watered by capillarity with a mixture of tap/osmosed water (1:4 v/v ratio, pH 7.7).
In each experiment type, negative controls were kept in control soil, while positive controls were watered with a 50 mM EMS water mix for 4 days. For calibration experiments, soils were watered with different concentrations of EMS (10-60 mM into mixed water) for 4 days. Six plants were exposed for each treatment. After exposure, the leaves were harvested and nuclei immediately extracted.
Alkaline comet assay
Standard protocol
The standard protocol was performed according to Gichner et al. (12) with some modifications. All operations were conducted under inactinic red light to avoid light-induced damage. After plant treatment, the excised organs (around 150 mg) were placed in a 60-mm petri dish kept on ice and spread with 1.5 mL of cold 400 mM Tris buffer, pH 7.5. The roots were gently sliced using a fresh razor blade. The plate was kept tilted on ice so that the isolated root nuclei would collect in the buffer. The suspension with released nuclei was cleaned of debris by filtering through a 20 µm nylon cloth. A nuclear suspension (500 μl) and 1% low melting point (LMP) agarose (500 μl) prepared with PBS were added at 37°C. The nuclei and the LMP agarose were gently mixed and 80 µL aliquots placed on microscope slides which were pre-coated with 1% normal melting point (NMP) agarose. The drops were then recovered with a coverslip and the slides were placed on ice for 5 min. Then, the coverslips were removed and the slides were placed in a horizontal gel electrophoresis tank containing freshly prepared cold electrophoresis buffer (1 mM Na 2 EDTA and 300 mM NaOH, pH > 13). The nuclei were incubated for 15 min to allow the DNA to unwind prior to electrophoresis at 0.72 V/cm (26 V, 300 mA) for 5 min at 4°C. These parameters were optimized according to Azqueta et al. (14) using EMS and H 2 O 2 as positive controls.
Modified protocols
In order to identify the critical steps, some parameters of the standard protocol were changed. Nucleus extraction was performed by slicing according to standard protocol or by chopping vigorously during 15, 30, 45 and 60 s. In Gichner's protocol (12) , the studied tissues are gently sliced into fringes, while in the modified protocol, they are vigorously chopped into a large number of small fragments (chopping frequency: around 300 chops/min).
Half of the nucleus suspension was filtered through a 20 µm nylon cloth before mixing with agarose, while the other half was directly mixed with agarose. Half of the slides were not subjected to lysis, while the other half were stored in lysing solution (2.5 M NaCl, 1% sodium sarcosinate, 100 mM NaEDTA, 10 mM Tris pH 10 with 1% Triton X-100 and 10% DMSO added fresh) at 4°C for 1 h (10). Then, the slides were rinsed three times with 400 mM Tris buffer before unwinding and electrophoresis.
Influence of external parameters on the comet assay
In order to evaluate the potential influence of external parameters on comet assay results, the experiments were conducted under different temperature and light conditions. Using an optimized protocol (30 s of chopping, no filtration and no lysis), the entire comet assay was performed in a cold chamber at 4°C or in an air-conditioned room with controlled temperature (10, 15, 20 or 25°C) .
To evaluate the effect of light, the optimized protocol was performed at 20°C in a darkroom. Experiments were conducted under different light intensities: 0.01 (control), 0.1, 1, 10, 100 and 350 lux (office lighting). Light intensity was controlled using a digital lightmeter (PCE-L100, PCE Instruments, France). The control experiment was fully conducted in the dark, under the light of an inactinic lamp. All other experiments were conducted under a full spectrum light (energy saving spiral lamps, E27, Viva-Lite) which simulates natural light.
Comet scoring and analysis
After electrophoresis, the slides were rinsed three times with 400 mM Tris, pH 7.5, stained with 70 μl SYBR Gold (Invitrogen; dilution 1:10 000) for 5 min and covered with a coverslip. For each slide, 50 randomly selected nuclei were analysed using an Olympus fluorescence microscope with an excitation filter of 510-560 nm and a barrier of 590 nm.
A computerized image analysis system (Comet Assay IV; Perceptive Instruments) was employed. The DNA percent in tail was used as the primary measure of DNA damage according to Hartmann et al. (18) . Three slides were evaluated per plant and six plants were analysed in each treatment. From the repeated experiments, the averaged mean DNA percent in tail value was calculated for each treatment group from the DNA percent value of each slide.
Statistical analysis
Statistical analysis was performed on the collected data. Variance analysis was conducted. The normal distribution of data (ShapiroWilk test) and equality of variances (Bartlett test) were checked. When both tests proved conformity, one-way analysis of variance was considered for significance (P ≤ 0.05), and the Tukey (HSD) test was used for pair-wise comparisons of statistical groups.
Results
Comparison of nucleus isolation methods and influence of filtration
The influence of nucleus isolation methods on nucleus extraction yield and on DNA damage to nuclei was evaluated in each plant species. The data obtained from L. perenne leaves are presented in Table I . Similar results were observed for the other species (data not shown).
The standard method (slicing) shows a low nucleus extraction yield (31.3 ± 11.2 nuclei per slide) compared to chopping methods. Increasing chopping time led to a 3.2-(15 s), 5-(30 s), 7.6-(45 s) and 12.2-fold (60 s) increase in nucleus extraction yield. While short chopping periods (15 and 30 s) did not modify % tail DNA compared to slicing, longer periods (45 and 60 s) significantly increased DNA damage (3.7 and 11.4 times respectively).
The influence of filtration was also evaluated (Table I) . Whichever the isolation methods, filtration greatly reduced nucleus extraction yield (from 49% for slicing to 63% for 45 s chopping). This step also significantly induced DNA damage whichever the isolation method (up to 2.5 times). Similar results were found using the other plant species (data not shown).
Influence of lysis
To evaluate the effects of lysis on both undamaged and damaged DNA, each plant species was exposed to increasing concentrations of EMS. The data obtained from nuclei isolated from control and EMS-treated L. perenne leaves are shown in Table II . Lysis slightly decreased the DNA damage in each treatment group. However, this trend is not statistically significant except for plants watered with 30 mM EMS. A similar trend (not statistically significant) was observed for the other plant species (data not shown). It is worth noting that a statistically significant difference was also found in the roots of two V. faba treatment groups (reduction from 24.8 ± 0.6 to 19.7 ± 1.4 and from 36.6 ± 0.7 to 31.2 ± 1.1, respectively for plants exposed to 2 and 2.5 mM EMS in Hoagland's solution). The letters, a to f, refer to significant differences (Tukey HSD test, P ≤ 0.05, n = 6) between isolation methods and protocols with or without a filtration step.
Influence of room temperature
To investigate the influence of room temperature on DNA damage, nuclei isolation and slide preparation were conducted in a cold chamber or an air-conditioned room (the unwinding and electrophoresis steps were performed in a fridge). The data demonstrated that temperatures ranging from 4 to 20°C did not influence comet assay results ( Figure 1) . A significant increase in % tail DNA was observed at 25°C for both the roots and the leaves of untreated and EMStreated V. faba. The relative increase was higher in control plants (3.1 and 3.2 times in roots and leaves, respectively) than in EMStreated plants (1.4 and 1.8 times). The same temperature influence was observed for the other plant species grown in soils. No differences were found between C3 (ryegrass and white clover) and C4 (miscanthus) plants (data not shown).
Effect of light
In order to evaluate potential effects of light on DNA, nuclei isolation and slide preparation were conducted under different light intensities (0.01-350 lux). A steady increase in % tail DNA was observed for each plant species as light intensity increased (Figure 2 ). Very dim light (0.1 and 1 lux) did not induce DNA damage in nuclei isolated from leaves (L. perenne, T. repens and M. giganteus), while 1 lux induced slight but significant DNA damage in nuclei isolated from V. faba roots (10.3% versus 4.7% in control). Maximum light intensities strongly increased % tail DNA in each plant species. This is particularly true for nuclei isolated from V. faba roots, which appear to be significantly more sensitive to light damage.
Calibration of comet assay in hydroponic conditions
After optimising the comet assay protocol (nucleus isolation, slide preparation, unwinding and electrophoresis), calibration is an important step to verify assay reliability. In hydroponic experiments, the comet assay was calibrated with H 2 O 2 and EMS ( Figure 3 ). Vicia faba exposure to H 2 O 2 for 1 h ( Figure 3A ) resulted in a significant dose-response above 15 µM in nuclei isolated from roots (P < 0.05). No effects were detected in leaf nuclei after 1 h (data not shown). Longer exposure (8 to 24 h) to concentrations above 30 µM could significantly increase % tail DNA in leaves. However, it is worth noting that these doses also induced a blackening of the root tips.
Vicia faba exposure to EMS for 24 h ( Figure 3B ) resulted in significant dose responses in both roots (above 1 mM; P < 0.05) and leaves (above 2.5 mM; P < 0.05). In our experimental conditions, whichever the EMS concentration, nuclei isolated from leaves were significantly less damaged than root nuclei.
Calibration of comet assay in soils
Calibration of the comet assay in soils is more problematic than in nutritive solutions as the calibration reagent could react with soil components. This is particularly the case for H 2 O 2 which reacts strongly with soil organic matter or minerals, and therefore cannot be used. Calibration was performed by watering soils with EMS in mixed water (Figure 4 ). Exposure to EMS for 24 h resulted in significant dose responses above 10 mM for M. giganteus and L. perenne (P < 0.05), and above 20 mM for T. repens (P < 0.05). Nuclei isolated from M. giganteus leaves were significantly more damaged than nuclei isolated from the leaves of L. perenne and T. repens.
Importance of leaf position and exposure time
During calibration experiments, special attention was paid to leaf position and the kinetics of DNA damage. Second (leaf #2), fourth (leaf #4) and sixth (leaf #6) emergent leaves were harvested and Each value represents mean and associated standard error. *Refers to significant differences (analysis of variance, P ≤ 0.05, n = 6) between protocols with or without a lysis step. analysed separately. Time-dependent and leaf position-dependent DNA damage of nuclei isolated from EMS-treated M. giganteus leaves was investigated ( Figure 5 ). Results show similar response patterns between the different leaves even though response intensities differ. DNA damage greatly increased after 12 h of exposure (31.2, 27.2 and 52.3 % tail DNA, respectively for leaves #2, #4 and #6), but was significantly reduced after 24 h of exposure (21.3, 18.3 and 22.4 % tail DNA). After 24 h, DNA damage steadily increased to 90% tail DNA after 96 h of exposure. Nuclei isolated from the younger leaf (leaf #6) exhibited greater DNA damage after 12 h and 48 h of exposure (P < 0.05).
Discussion
The influence of different experimental conditions on comet assay results has been studied in humans and technical progress has been made to improve the reliability and the reproducibility of this assay (5, (14) (15) (16) In contrast, in plants, little has changed since the protocols developed by Gichner et al. (11) (12) (13) , and most researchers now employ their own protocols with variation in several parameters, including nucleus isolation method, filtration and lysis. In the present work, we attempted to identify the key parameters influencing comet assay results in plants. Nucleus extraction is the main bottleneck limiting comet assay throughput and reliability. The slicing method used by most researchers is efficient to obtain intact nuclei but exhibits very low extraction yield (Table I) . Chopping is clearly a more efficient technique, increasing yields by 3 to 12 times. This allows easily scoring 50 nuclei (or more) per slide without risking border effects, and thus increases both comet assay reliability and sensitivity (25) and enhances statistical power of comet results in plant. Moreover, increasing the density of nuclei in the agarose gels reduces the time spent on each slide to score nuclei DNA damage. This density increase also opens the possibility of reducing the volume of gels, and thus of increasing comet assay throughput by using the 12-gel slide protocol (19) . However, Table I also shows that long chopping (above 45 s) could induce DNA damage (Table I) . Consequently, it is important to determine the optimal chopping time leading to high nucleus extraction yield without causing DNA damage. This parameter should be adjusted according to plant species but also to specific organs (e.g. lignified tissues).
Several researchers have used a filtration step to clean up cellular debris and remove intact cells. Table I clearly highlights that filtration reduces nucleus extraction yield and induces DNA damage in isolated nuclei. Moreover, the effectiveness of filtration to remove cellular debris was not clearly established during these experiments. Consequently, this filtration step must be skipped. It should be pointed out that short chopping (15 to 30 s) does not significantly generate more cellular debris than standard slicing.
Despite the fact that lysis has been shown to be an unnecessary step (9) in the comet assay protocol in plants (as nuclei are directly isolated), a large number of researchers include it in their protocols. In this work, we investigated the influence of lysis on DNA damage to nuclei isolated from control and EMS-treated plants (Table  II ). Our results demonstrate that lysis mostly did not modify comet assay results. This is in accordance with the results of Gichner and Plewa (10) on control and EMS-treated tobacco plants. However, in our conditions, lysis slightly reduced % tail DNA in nuclei isolated from L. perenne leaves and V. faba roots with medium levels of DNA damage (25-35% tail DNA). These results could be explained by some DNA repairs occurring during lysis. Indeed, due to the fact that plants are ectothermic, plant enzymes have an optimum temperature lower than human enzymes, and some are active even at 4°C (26) . Whatever the explanation, this could induce a bias as only a part of the treatment groups was affected. To summarize, lysis step must be skipped as it is unnecessary, time-consuming, does not improve comet assay results and could induce bias in the assay.
During our past experiments, we observed seasonal variations in comet assay results with higher backgrounds during summer (unpublished data). In the present work, we tried to identify the external factors which could explain this phenomenon. First, we evaluated the influence of room temperature (Figure 1 ). Despite the fact that nucleus isolation and slide preparation were performed on ice, a strong increase in DNA damage was observed when temperature was above 25°C. This could be explained by an important release of nucleases in the buffer solution during the nucleus isolation step. This hypothesis is supported by the fact that this strong increase was partly abolished by the addition of 5 or 50 mM Na 2 EDTA in the isolation buffer (data not shown). Consequently, care should be taken to control room temperature to avoid inter-experiment variations. However, performing comet assay in a cold chamber is unnecessary as long as room temperature is below 25°C. A controlled temperature of 20°C is nevertheless recommended. This controlled temperature could also be an advantage to combine comet assay with other biomarkers (i.e. enzyme activities) in environmental toxicology studies.
Half of researchers have performed the comet assay under dim light to avoid light-induced DNA damage, according to Gichner and Plewa (10) . However, to our knowledge, the influence of light on comet assay results in plants has not been assessed. Our results clearly demonstrate that light exposure induced DNA damage in isolated nuclei during nucleus isolation and slide preparation steps (Figure 2) . Moreover, nuclei isolated from V. faba roots appear to be more sensitive to light. This result could be explained by a difference of sensitivity between the plant species, but also between organs (roots versus leaves). Indeed, due to the photosynthesis, leaves contain very high concentrations of pigments as well as enzymatic and non-enzymatic antioxidants (27, 28) that could protect DNA from light-induced damage. Consequently, the comet assay must be performed under dim light. However, as our results show that dim light (0.1 lux) induced some DNA damage in V. faba roots (Figure 2) , we recommend performing the comet assay in a darkroom under inactinic light to avoid result variability.
Once the optimisation of nucleus isolation parameters, slide preparation and comet assay (unwinding and electrophoresis) is done, calibration tests must be performed. This is usually done by measuring damage in cells following a range of doses of ionizing radiation (15) . As the access to an ionizing radiation source could be limited, calibration tests could use H 2 O 2 or well-known mutagens (e.g. EMS, methyl methanesulfonate). Figure 3 shows the doseresponse curves of DNA damage obtained with EMS and H 2 O 2 in hydroponic solutions. In root-oriented hydroponic studies (e.g. using V. faba or A. cepa roots), it is recommended to calibrate comet assay with H 2 O 2 . Indeed, hydrogen peroxide induces fast DNA damage and doesn't generate hazardous liquid waste. However, when the comet assay is performed on leaves, calibration tests must use a mutagen. In soil studies, the use of H 2 O 2 is pointless as it immediately reacts with soil organic matter and minerals (29) . Our results present, for the first time, the calibration of the comet assay in soils (Figure 4 ). Data show dose-response curves with some differences between plant species. M. x giganteus was significantly more sensitive to EMS exposure than T. repens or L. perenne. This result could be due to differences in plant physiology (as M. giganteus is a C4 plant while T. repens and L. perenne are C3), but also to different growing stages. Actually, when the experiments started, T. repens and L. perenne were mature while M. giganteus was still actively growing. Our results also highlight significant differences in response to EMS depending on exposure time ( Figure 5) . Moreover, although similar response patterns were observed between the different leaves, the response intensities were significantly different. Young leaves (#6) exhibit a higher sensitivity to EMS than older leaves (#2 and #4). This could be explained by an intense development and a very active metabolism which could lead to a higher exposure to EMS and higher sensitivity (30, 31) . Thus, during calibration and exposure tests, a special attention should be paid to plant growing stage as well as exposure duration and leaf position.
In summary, we identified the key parameters (internal and external) that have an impact on comet assay results and throughput in plants. We recommend new standards for obtaining reproducible and reliable comet assay data: nuclei should be isolated by chopping (15-30 s depending on the plant/organ); filtration and lysis steps must be avoided; calibration with a mutagen or H 2 O 2 (if no ionizing radiation sources are available) must be done prior to performing the comet assay; at least 150 nuclei should be scored per plant (at least 50 nuclei per slide and 3 slides per plant); nucleus isolation and slide preparation should be performed in a darkroom under inactinic light and with controlled and stable temperature (around 20C).
As the nucleus isolation step is clearly operator-dependent and comet assay parameters could be plant/organ-dependent, we suggest that laboratories should carry out their own tests to obtain optimal conditions. Moreover, researchers should always specify their comet assay parameters (14) as well as nucleus extraction method, calibration procedures, plant stage (if relevant) and external factors (room temperature and light intensity) as part of the experimental conditions of a comet assay.
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